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ABSTRACT
In classical supergiant X-ray binaries (SgXBs), the Bondi-Hoyle-Lyttleton wind ac-
cretion was usually assumed, and the angular momentum transport to the accretors
is inefficient. The observed spin-up/spin-down behavior of the neutron star in SgXBs
is not well understood. In this paper, we report an extended low state of Vela X-1
(at orbital phases 0.16–0.2), lasting for at least 30 ks, observed with Chandra during
the onset of an unusual spin-up period. During this low state, the continuum fluxes
dropped by a factor of 10 compared to the preceding flare period, and the contin-
uum pulsation almost disappeared. Meanwhile, the Fe Kα fluxes of the low state were
similar to the preceding flare period, leading to an Fe Kα equivalent width (EW) of
0.6 keV, as high as the Fe Kα EW during the eclipse phase of Vela X-1. Both the
pulsation cessation and the high Fe Kα EW indicate an axisymmetric structure with
a column density larger than 1024 cm−2 on a spatial scale of the accretion radius of
Vela X-1. These phenomena are consistent with the existence of an accretion disk that
leads to the following spin-up of Vela X-1. It indicates that disk accretion, although
not always, does occur in classical wind-fed SgXBs.
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1 INTRODUCTION
In supergiant X-ray binaries (SgXBs), the X-ray radiation is
powered by accretion of massive stellar wind to the compact
neutron star or black hole. The accretion processes involve
many physical factors, such as the clumpy wind, the strong
magnetic field of the neutron star, the dynamical interac-
tion, and the photoionization, all of which make the accre-
tion processes of wind-fed SgXBs not fully understood (for
a recent review, see Mart´ınez-Nu´n˜ez et al. 2017). In classi-
cal SgXBs, like Vela X-1, the Bondi-Hoyle-Lyttleton wind
accretion was usually assumed (Davidson & Ostriker 1973),
and the angular momentum transport to the neutron star
is inefficient. Their pulse periods, however, show alternative
spin-up and spin-down, superimposed on a longer trend of
either spin-up or spin-down (e.g. Bildsten et al. 1997). The
pulse frequency variations of Vela X-1 were explained as a
random walk in pulse frequency (Deeter et al. 1989). The
angular momentum transport in wind-fed SgXBs was first
discussed by Shapiro & Lightman (1976) and Wang (1981),
and recently by Karino et al. (2019), among others. They
? E-mail: jirenliu@nao.cas.cn
found that when the binary orbit is tight and the stellar
wind is slow, the spatial gradient of density and velocity
could lead to the formation of a disk.
The formation of a disk-like structure in Vela X-1 was
recently evaluated with hydrodynamic simulations by El
Mellah et al. (2019b). They found that when the wind veloc-
ity at the position of the neutron star is comparable to the
orbital velocity, the wind is seriously beamed, and a disk-like
structure is formed in the shocked region for a configuration
of a heavy neutron star. Because Vela X-1 is an eclipsing sys-
tem and the wind-captured disk is expected to form within
the orbital plane, El Mellah et al. (2019b) pointed out that
the disk would intercept the line-of-sight and might signifi-
cantly contribute to the observed absorption column density.
Discovered in the early years of X-ray astronomy
(Chodil et al. 1967), Vela X-1 is one of the best studied
SgXBs (for a recent review, see Kretschmar et al. 2019). It
has a pulse period of 283 s (McClintock et al. 1976) and a
magnetic field around 2.6 × 1012 G (e.g. Kretschmar et al.
1996). The optical companion, HD 77581, is a B0.5 Ib su-
pergiant, with a radius of 30.0 R and a mass of 23.5 M
(van Kerkwijk et al. 1995). The binary system has an orbital
period of 8.9644 days (Falanga et al. 2015), a tight orbital
c© 2020 The Authors
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Figure 2. Light curves of the low-energy band (1–2.1 keV), the Fe Kα line (6.35–6.45 keV), and the continuum within 3–6 keV and
7.5–10 keV band of Vela X-1 from Chandra observation (top panel), along with the ratio of Fe Kα to continuum within 3–6 keV (bottom
panel). The time resolution is 283.6 s. A baseline continuum (40% of the count rate in the 6–6.2 keV band) has been subtracted from the
Fe Kα fluxes. For clarity, the rates of 7.5–10 keV continuum are multiplied by a factor of 10. The individual segments analyzed later are
marked as numbers of 1–5. Error bars indicate 1σ uncertainty.
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Figure 1. The pulse frequency history of Vela X-1 monitored
with Fermi/GBM. Over-plotted red cross marks the Chandra ob-
servation taken at the onset of the spin-up event.
seperation of 53.4 R (van Kerkwijk et al. 1995), a low ec-
centricity e ≈ 0.09 (e.g. Boynton et al. 1986), and a high
inclination (i > 73◦, Joss & Rappaport 1984). The distance
to Vela X-1 was estimated to be 1.9 ± 0.2 kpc (Sadakane
et al. 1985).
In this paper we report evidences of an accretion disk
in Vela X-1 observed by Chandra during the onset of an
unusual spin-up period. This Chandra observation of Vela
X-1 showed an extended low state, lasting for at least 30 ks,
until the end of the observation. During this low state, the
continuum fluxes reduced by an order of magnitude, and
their pulsations almost disappeared, while the Fe Kα fluxes
were similar to those preceding the low state, leading to an
Fe Kα equivalent width (EW) of 0.6 keV. Such a high Fe
Kα EW is only observed to appear during the eclipse phase
of Vela X-1 previously. If not specified, the quoted errors are
for 90% confidence level.
2 OBSERVATIONS
Thanks to the Burst and Transient Source Experiment
(BATSE) on the Compton gamma ray observatory and
Gamma-ray Burst Monitor (GBM, Jenke & Wilson-Hodge
2017) on the Fermi gamma ray telescope, the spin history
of X-ray pulsars can be continuously monitored. The spin
history of Vela X-1 monitored by Fermi/GBM is presented
in Fig. 1. Rapid changes of spin-up and spin-down on tens
of days are clearly seen. A spin-up event around MJD 57800
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(Feb. 16th, 2017) seems unusual, in the sense that it occurred
around the lowest spin frequency monitored by GBM, with
a sharp transition from spin-down to spin-up, and it seems
to have a longest continuous spin-up period (∼ 200 days),
although showing some flat spin periods in between. Other
spin-up periods last only for about 50 days. This spin fre-
quency (∼ 3.5265 mHz) is also the lowest one compared with
those monitored by BATSE and other early pointing obser-
vations1.
Vela X-1 was happened to be observed by Chandra High
Energy Transmission Grating (HETG, Canizares et al. 2005)
at the onset of this unusual spin-up period (ObsID 19953,
PI Canizares, on Feb. 22nd, 2017, MJD 57806.98). The ob-
servation was taken at the orbital phase φ = 0.107− 0.203,
while the eclipse phase of Vela X-1 is φecl = 0.9204− 0.0899
(according to the ephemeris of Falanga et al. 2015, their Ta-
ble 3). The phase zero is defined as the time of mid-eclipse,
Tecl, which is 0.2 days later than the time of mean longi-
tude, Tpi/2. The exposure time was 70 ks. We downloaded
the data from Chandra archive and reprocessed it with tg-
cat script (Huenemoerder et al. 2011) following the stan-
dard procedure. A narrow spatial mask is used to improve
the fluxes above 7 keV. The barycentric correction is ap-
plied with axbary tool within CIAO software and the bi-
nary effect is corrected with the program binaryCor in Re-
meis ISISscripts2. The time periodicity was analysed with
sitar epfold rate and sitar pfold rate tools within the sitar
package3. We only used the first order HEG data, because
of its better spectral resolution and larger effective area in
the Fe Kα band than higher order data.
3 TIMING RESULTS
The extracted light curves of the low-energy band (1–
2.1 keV), the Fe Kα line (6.35–6.45 keV), and the continua
within 3–6 keV and 7.5–10 keV are presented in Fig. 2. A
baseline continuum, estimated as 40% of the count rate in
the 6.0–6.2 keV band, is subtracted from the Fe Kα fluxes.
The coefficient of 40% is estimated from the flux ratio be-
tween 6.35–6.45 keV and 6.0–6.2 keV from an absorbed pow-
erlaw model fitted to the spectrum of the observation. All
light curves are binned to 283.6 s. The best pulse period es-
timated with the efsearch program in FTOOLS from the
first 40 ks of the observation is 283.57 s, consistent with the
spin frequency measured with Fermi/GBM (Fig. 1). As can
be seen from Fig. 2, the continua within 3–6 keV and 7.5–
10 keV show similar trends, while the trend of the low-energy
band (1–2.1 keV) is similar to that of the Fe Kα line. The
continua show two flares around 20 ks and 35 ks, and then
they enter an extended low state from 42 ks, keeping quies-
cent until the end of the observation. On the other hand, the
Fe Kα line reaches a high level during the flare around 35 ks,
and then it drops a little and back to a high level later. The
flux ratios between the Fe Kα and the continuum within 3–
6 keV are plotted in the bottom panel of Fig. 2. The ratios
with respect to the continuum within 7.5–10 keV are similar
and not presented. The average Fe Kα/3–6 keV ratios are
1 https://gammaray.nsstc.nasa.gov/batse/pulsar
2 http://www.sternwarte.uni-erlangen.de/isis
3 http://space.mit.edu/cxc/analysis/SITAR/distrib.html
0.02 and 0.14, during the first 42 ks and thereafter, respec-
tively. Based on the flux levels of different bands, we divide
the observation into five segments: 0-13.5 ks (1), 13.5-22.3
ks (2), 22.3-27.7 ks (3), 27.7-42.1 ks (4), and 42.1-72.2 ks
(5).
For each segment, we search for periodicity in the con-
tinua within 3–6 keV and 7.5–10 keV, the low-energy band
(1–2.1 keV), and the Fe Kα line with the epoch folding
method for light curves binned in 10 s. The trial periods are
between 100 s and 400 s, with a step of 0.1 s and 20 phase
bins. The significances of periodicity (L-statistics; Leahy
et al. 1983; Davies 1990) of the trial periods are plotted
in Fig. 3. As can be seen, both the continua within 3–6 keV
and 7.5–10 keV of Seg. 1–4 show clear pulsations with a pe-
riod ∼ 283.6 s, while their periodicity is almost disappeared
in Seg. 5. On the other hand, as expected, the low-energy
band and the Fe Kα line show no apparent periodicity in all
five segments.
To calculate the pulse profiles of the continuum, we fold
the 3–6 keV light curves of all five segments with the pe-
riod of 283.57 s with 20 phase bins. The resulting pulse pro-
files are plotted in the left panel of Fig. 4, and for clarity,
the pulse profile of Seg. 5 is multiplied by a factor of 12.
The profiles of Seg. 1–4 show regular five-peaked behavior
(Raubenheimer 1990), while the profile of Seg. 5 is close to
flat. The pulse profiles of the continuum within 7.5–10 keV
are plotted in the right panel of Fig. 4. They show a similar
behavior as the continuum within 3–6 keV, but with larger
uncertainties due to lower counts. For each segment, we cal-
culate the pulsed fraction of the continuum, which is defined
as f = max(p)−min(p)
max(p)+min(p)
, where p represents the value of pulse
profile. For Seg. 1–5, the pulsed fractions of the continuum
within 3–6 keV are 0.42, 0.46, 0.53, 0.48, and 0.11, respec-
tively, while the pulsed fractions within 7.5–10 keV are 0.39,
0.49, 0.57, 0.36, and 0.26, respectively.
4 SPECTRAL RESULTS
The extracted spectra of all five segments are plotted in
Fig. 5. They are binned with a piecewise minimum signal-to-
ratio (S/N) of 5, 11, and 8 for energy ranges of 1–3, 3–6, and
6–10 keV, respectively. As can be seen, the continua of the
two flares in Seg. 2 and Seg. 4 are clearly higher than other
segments. The continuum drops significantly for Seg. 5, while
the continua of Seg. 1 and 3 are in between. Meanwhile, the
Fe Kα line is relatively low for the first two segments and
starts to increase from Seg. 3. The drop of the continuum
of Seg. 5 makes its Fe Kα line very prominent. There is a
redward wing of the Fe Kα line of Seg. 5, which is likely the
Compton shoulder of the Fe Kα line. The Fe Kβ line and
highly-ionized FeXXV and FeXXVI lines are also clearly seen
in the spectrum of Seg. 5. The spectrum of Seg. 4 also shows
similar highly-ionized Fe lines, but with a lower contrast due
to a higher continuum level. Similar to the Fe Kα line, the
low-energy lines (1–2.1 keV) of the low state of Seg. 5 are as
bright as those of Seg. 4.
To quantify the spectral differences of different seg-
ments, we fit the spectra with a phenomenological model,
consisting of an absorbed powerlaw and a Gaussian line
(representing the Fe Kα line). The centroid of Fe Kα line
has been fixed to 6.3995 keV, which is the weighted
MNRAS 000, 1–8 (2020)
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Figure 3. Statistical significance of the pulsation period for the continuum (3–6 keV, upper left panel; 7.5–10 keV, upper right panel),
the low-energy band (1–2.1 keV, lower left panel), and the Fe Kα line (lower right panel) during different segments. The curves of Seg. 1-4
are shifted upwards by 2.5, 5.0, 7.5, 10.0, respectively. The color scheme used in the lower panel is the same as the upper panel.
0.2 0.4 0.6 0.8
0
1
2
3
4
Phase
C
o u
n t
s /
s
Seg. 5
Seg. 4
Seg. 3
Seg. 2
Seg. 1
0.2 0.4 0.6 0.8
0
0 .
1
0 .
2
Phase
C
o u
n t
s /
s
Seg. 5
Seg. 4
Seg. 3
Seg. 2
Seg. 1
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of Seg. 5 is multiplied by a factor of 12 in the left panel. Error bars indicate 1σ uncertainty.
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Figure 5. Extracted spectra of Vela X-1 for all five segments. For clarity, the spectra of Seg. 1 and Seg. 3 are redshifted by 0.01, and
the spectra of Seg. 2 and Seg. 4 are blueshifted by 0.01. The histograms represent the observed data and the dotted lines represent the
models fitted to the energy range of 3–10 keV.
value of neutral Fe Kα1 and Fe Kα2 (Krause & Oliver
1979). For the spectrum of Seg. 5, we add five addi-
tional Gaussian lines, representing Compton shoulder of
Fe Kα line, FeXXV forbidden line, FeXXV resonance line,
FeXXVI Lyα line, and Fe Kβ line respectively. As shown
in previous studies (e.g. Schulz et al. 2002; Watanabe et al.
2006; Grinberg et al. 2017), the low-energy spectrum of Vela
X-1 is composed of many photoionized lines and neutral flu-
orescence lines, indicating the coexistence of the cool and
hot gas around the neutron star. We limit the fitting energy
range to 3–10 keV to avoid the complex low-energy lines. The
fitting results are listed in Table 1 and 2 and over-plotted in
Fig. 5 as dotted lines. The absorption-corrected luminosity
within 2–10 keV and the Fe Kα EW are also listed in Table 1.
Note that the fitting is only aimed to quantify the observed
spectral differences, not necessarily representing the intrin-
sic spectral properties. This is especially true for Seg. 5, the
emission of which should be dominated by scattered compo-
nent.
From Table 1, we see that the continuum flux of the low
state of Seg. 5 dropped by a factor of 10 compared to that
of Seg. 4. On the other hand, the Fe Kα fluxes rise in Seg. 3
and then remain at a similar level. As a consequence, the
Fe Kα EW of Seg. 5 is very high, ∼ 0.6 keV, which is rarely
seen during non-eclipse periods and is comparable to that of
the eclipse period (Watanabe et al. 2006).
To further illustrate the nature of the low state of Seg. 5,
in Fig. 6, we compare the eclipse spectrum (extracted from
ObsID 1926, observed by Chandra/HETG during the eclipse
phase of Vela X-1) to the spectrum of Seg. 5. The eclipse
spectrum is multiplied by a factor of 17. It is interesting to
see that their overall shapes are quite similar. Highly-ionized
FeXXV and FeXXVI lines are not present in the eclipse spec-
trum. Below 2.5 keV, the eclipse spectrum is relatively higher
than the spectrum of Seg. 5, indicating less low energy ab-
sorption of the eclipse spectrum. Flux variations of Vela X-1
due to variable absorptions with a changing column den-
sity ∼ 5 × 1022 cm−2 have been reported previously, and
they could be caused by the unsteady accretion flow (e.g.
Mart´ınez-Nu´n˜ez et al. 2014; Grinberg et al. 2017). Appar-
ently, the eclipse-like spectrum of Seg. 5 is quite different
from those variations caused by column density changes
∼ 5× 1022 cm−2.
MNRAS 000, 1–8 (2020)
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Table 1. Fitting results of an absorbed powerlaw plus a Gaussian line (wabs× powerlaw + zgauss).
Seg.
Absorbed powerlaw Fe Kα line Luminosity3
(1035 erg/s)
χ2ν
NH(10
22 cm−2) Γ N11 σ (eV) N22 z (10−4) EW (eV)
1 27.5± 1.3 1.2± 0.1 0.22± 0.06 21.5± 10.0 5.7± 1.7 9.3± 15.0 37.0± 11.0 11.4± 1.7 1.01
2 14.3± 0.9 1.3± 0.1 0.40± 0.08 4.2± 4.0 9.2± 2.2 −6.0± 6.8 34.8± 8.3 16.5± 2.3 0.93
3 17.4± 1.8 0.5± 0.2 0.06± 0.02 17.4± 5.6 22.2± 3.5 3.2± 6.6 148.0± 23.3 7.6± 0.8 1.49
4 15.5± 0.7 1.0± 0.1 0.25± 0.04 12.6± 3.3 24.1± 2.4 5.4± 3.5 86.6± 8.6 15.8± 1.0 1.29
5 5.7± 1.2 0.14± 0.13 0.005± 0.001 11.1± 1.6 22.7± 1.2 −1.1± 1.6 588.6± 31.1 1.59± 0.1 2.26
1 Normalization of the powerlaw, in units of photons keV−1 cm−2 s−1 at 1 keV.
2 Normalization of the Gaussian line, in units of 10−4 photons cm−2 s−1.
3 2–10 keV absorption-corrected luminosity.
Table 2. Additional Gaussian lines (zgauss model, fixing redshift to 0) fitted to the spectrum of Seg. 5.
Fe Kα Compton shoulder FeXXV F[z] FeXXV R[w] FeXXVI Lyα Fe Kβ
N1 2.2± 0.7 3.0± 0.6 2.9± 0.6 2.9± 0.7 3.5± 0.8
E (keV) 6.29± 0.02 6.639± 0.007 6.701± 0.007 6.964± 0.008 7.064± 0.007
σ (eV)2 40 10 10 10 10
1 Normalization of the Gaussian line, in units of 10−4 photons cm−2 s−1.
2 All the line widths in this table have been fixed during fitting.
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Figure 6. Comparison of the spectrum of the extended low state
of Seg. 5 (black) with the eclipse spectrum of Vela X-1 (red). The
eclipse spectrum is multiplied by a factor of 17. Their overall
shapes are quite similar.
5 DISCUSSION AND CONCLUSION
At the onset of an unusual spin-up period of Vela X-1, we
have found an extended low state at orbital phases of 0.16–
0.2, lasting for at least 30 ks, until the end of the obser-
vation. During this low state, the continuum pulsation is
almost disappeared, and the Fe Kα line has an eclipse-like
EW of 0.6 keV. Highly-ionized FeXXV and FeXXVI lines are
also very prominent in the low state. These highly-ionized
lines were already present during the preceding flare period,
but with a weaker contrast due to a stronger continuum
level. The observed spectrum below 2 keV is dominated by
emission lines, which are also prominent in the low state,
similar to the Fe Kα line.
The phenomena of low states with pulsation cessation
of Vela X-1 have been reported previously (e.g. Hayakawa
1984; Inoue et al. 1984; Lapshov et al. 1992; Kreykenbohm
et al. 1999). The extended low state we found here is sim-
ilar to that presented by Kretschmar et al. (2000). They
reported a complete low state (lasting for ∼ 15 ks), during
which the pulsation ceased, and significant non-pulsed emis-
sion remained. Thanks to the wide energy range of RXTE
(2–60 keV), they found that the pulsation cessation of high
energy photons (above 10 keV) was less prominent than low
energy photons, and the pulsation of high energy photons
recovered earlier than low energy photons. They proposed
a scenario that the pulsar was temporarily obscured by a
thick clump (NH ∼ 2 × 1024cm−2), which was thought to
be on a spatial scale of 1013 cm (283 lt-s) to destroy the co-
herence. We note that this scale is ∼ 3 times the binary
separation of Vela X-1, much larger than the typical clump
sizes (about the Sobolev length, ∼ 0.01R∗) found in recent
wind simulations (e.g. Sundqvist et al. 2018).
Some of the observed low states of Vela X-1 (Kreyken-
bohm et al. 2008) were explained as results of the propeller
effect (Illarionov & Sunyaev 1975). The unabsorbed contin-
uum luminosity (2–10 keV) of the low state discovered here
is ∼ 1.6× 1035erg s−1, far beyond that required by the pro-
peller effect for Vela X-1 (∼ 6× 1032 erg s−1, Kreykenbohm
et al. 2008), indicating that it can not be due to the pro-
peller effect. The similar Fe Kα fluxes between the low state
and the preceding flare period indicate that the intrinsic ra-
diation illuminating the Fe Kα-emitting material during the
low state should be similar to that of the preceding flare
period.
The similarity of the spectral shapes of the low state
and the eclipse phase (Fig. 6) points to a blocking scenario:
MNRAS 000, 1–8 (2020)
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the intrinsic pulsed X-ray emission is blocked by a thick
gas structure, and the observed X-ray emission is mainly
due to scattered/reflected emission. To further discuss the
blocking scenario by a thick gas structure, it is helpful to
know the distance of the Fe Kα-emitting gas (RFeKα) around
the neutron star. Because the observed Fe Kα fluxes during
the eclipse period reduced significantly (5–10%, Ohashi et al.
1984; Watanabe et al. 2006), the majority of the Fe Kα fluxes
should originate from a region smaller than the radius of the
donor star (70 lt-s). From the observed Fe Kα fluxes within
a few hours before the egress, Ohashi et al. (1984) inferred
a limit of RFeKα < 17 lt-s.
A natural spatial scale of the Fe Kα-emitting region is
the accretion radius, within which the wind material can be
accreted by the neutron star: Racc = 2GM/v
2
rel, where vrel
is the relative velocity of the neutron star with respect to
the wind material. The estimated masses of the neutron star
of Vela X-1 range from 1.5 to 2.2M (e.g. Quaintrell et al.
2003; Rawls et al. 2011; Koenigsberger et al. 2012; Falanga
et al. 2015). We adopt a mass of 1.8M with an uncertainty
about 20%. Then one get Racc ≈ 10 lt-s for vrel ∼ 400 km s−1
(Gime´nez-Garc´ıa et al. 2016). We looked for the time delay
between the Fe Kα line and the continuum (3–6 keV) with
the cross-correlation function for light curves in Seg. 4 and
found a weak peak around 5 lt-s, similar to the accretion
radius calculated above.
We note that as long as the thick gas structure is quasi-
axisymmetric with respect to the rotational axis of the neu-
tron star, the illuminating radiation on the gas structure
would be similar for any spin phases, and the scattered emis-
sion will show no apparent pulsation. The gas structure does
not need to be as large as the light travel distance of the spin
period (283 lt-s) to destroy the coherence. Since the contin-
uum within 7.5–10 keV in the low state shows no apparent
pulsation, the column density of the thick gas should be
larger than 1024 cm−2 to obscure 7.5–10 keV photons signif-
icantly. The high Fe Kα EW of the low state also requires a
column density of NH ≥ 1024cm−2 (for a thin spherical shell,
EW ∼ 0.3 keV×NH/1024cm−2, Kallman et al. 2004). Such
a high column density is an order of magnitude greater than
the average column density observed at orbital phases of
0.16–0.2 (e.g. Doroshenko et al. 2013). There are also exam-
ples of column densities ∼ 5×1023 cm−2 around these phases
(e.g. Nagase et al. 1986; Mart´ınez-Nu´n˜ez et al. 2014). If the
intrinsic X-ray emission is blocked by a thick gas clump on a
spatial scale of 283 lt-s, it will also block the Fe Kα line and
the low-energy photons, which is not observed. Therefore, it
is most likely that a quasi-axisymmetric thick gas structure
on a scale of the accretion radius blocks the intrinsic X-ray
emission and produces the observed scattering-dominated
X-ray emission in the low state.
As shown in Fig. 1, there is a sharp spin-down event
preceding the spin-up event. The spin-down rate fitted to
the spin frequencies within MJD 57740–57774 is (−1.5 ±
0.8) × 10−13s−2, while the spin-up rate fitted within MJD
57807–57831 is (2.3± 1.3)× 10−13s−2. Shakura et al. (2012)
proposed a model of subsonic settling accretion, which oc-
curs when the plasma remains hot until it meets the mag-
netospheric boundary. This model works at X-ray luminosi-
ties below 4 × 1036erg s−1 and predicts a positive correla-
tion between the torque and the luminosity. The average
pulsed flux of the spin-down period (MJD 57740–57774) is
0.9± 0.3 keV cm−2 s−1, similar to that of the spin-up period
(MJD 57807–57831), 1.2 ± 0.2 keV cm−2 s−1. This is incon-
sistent with the prediction of the subsonic accretion model.
Furthermore, the hot shell of the subsonic accretion model is
optically-thin, with a Thompson optical depth ∼ 0.03, cor-
responding to a column density of 4.5 × 1022cm−2. Such a
column density is too low to explain the low state.
Next we discuss whether a standard thin disk model can
explain the measured spin-up rate of the spin-up event. As
shown in numerical simulations (El Mellah et al. 2019b), the
thickness of formed disk depends on the cooling efficiency.
So one should keep in mind that a thin disk model may not
be applicable and the angular momentum transport might
be more complex. Following Bildsten et al. (1997), we as-
sume that a thin disk deposits its angular momentum at
the magnetosphere and all its angular momentum is trans-
ported to the pulsar. The spin-up torque N ≈ M˙√GMXrm,
where MX is the pulsar mass and the magnetosphere radius
rm = ξrA, is a fraction of the Alfve´n radius. ξ ranges from
0.5 to 1. The accretion rate M˙ = LXRX/GMX, where LX is
the accretion luminosity and RX is the pulsar radius. The
Alfve´n radius is:
rA =
(
µ4
2GMXM˙2
) 1
7
(1)
where µ ' 0.5BR3X is the magnetic moment of a dipole-like
magnetic field of the neutron star, with B the surface field
strength. The neutron star will spin-up at a rate:
ν˙ =
N
2piI
' 2.2× 10−13s−2
(
LX
1036erg s−1
) 6
7
×
(
B
1012G
) 2
7
(
10km
RX
) 2
7
(
1.4M
MX
) 10
7
ξ
1
2 ,
(2)
where I ' 0.4MXR2X is the pulsar’s moment of inertia. Be-
cause the spectrum of Seg. 5 is dominated by scattered emis-
sion, one can not obtain the intrinsic spectrum to infer the
luminosity of Seg. 5. So we estimate the luminosity based
on the fitted spectrum of Seg. 4. We obtain a luminosity of
∼ 7.6× 1036 erg s−1, adopting a cutoff energy of 30 keV and
a fold energy of 10 keV (Kreykenbohm et al. 1999). It leads
to a spin-up rate of ν˙ ≈ 9.6×10−13s−2 for B = 2.6×1012G,
RX = 10km, MX = 1.8M, and ξ = 0.7. The uncertainty of
the estimation mainly comes from LX ,MX , and ξ. Assuming
all these factors have an uncertianty around 30%, the esti-
mated ν˙ should be accurate within a factor of 2. Therefore,
the observed spin-up rate seems to be on the same order of
magnitude for a disk accretion scenario. The preceding spin-
down event could be due to accretion through a retrograde
disk. Detailed simulations are needed to test whether it is
possible to produce a transition from a retrograde disk to a
prograde disk, with both disks lasting for tens of days. We
conclude that the observed continuum pulsation cessation
and the high Fe Kα EW of Seg. 5 are consistent with the ex-
istence of an accretion disk, which blocks the intrinsic X-ray
emission and leads to the following spin-up event.
The required column density of NH ≥ 1024cm−2 and
an emitting region of 5 lt-s imply an average density of
1013cm−3. This density is ∼ 800 times higher than the wind
density at the location of the neutron star (Sander et al.
2018), implying that the wind material should be very con-
densed to form a disk. The neutral-like Fe Kα line, with
MNRAS 000, 1–8 (2020)
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a centroid close to 6.4 keV, implies relatively cool and low-
ionized gas. These results indicate that the shocked material
sould be cooled efficiently.
The existence of an accretion disk was also reported
for other SgXBs, such as OAO 1657-415 (Jenke et al. 2012;
Taani et al. 2019), GX 301-2 (Nabizadeh et al. 2019), and
Cen X-3 (Tsunemi et al. 1996). These results show that disk
accretion is happening, although not always, in wind-fed
SgXBs. A new mass transfer mode of wind-RLOF accretion
was proposed in studies of symbiotic binaries by Mohamed
& Podsiadlowski (2007, 2012). El Mellah et al. (2019a) has
proposed it as a possible explanation for ULXs hosting a
neutron star. Our results show that disk accretion does oc-
cur in Vela X-1, but it is not a continuous process. There
are other physical factors that control the formation of disk.
Further studies are needed to understand what is the domi-
nant mechanism that leads to the formation and destruction
of disk accretion.
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